Abstract Paper presents the results of experimental and numerical research of a model segment of a labyrinth seal for a different wear level. The analysis covers the extent of leakage and distribution of static pressure in the seal chambers and the planes upstream and downstream of the segment. The measurement data have been compared with the results of numerical calculations obtained using commercial software. Based on the flow conditions occurring in the area subjected to calculations, the size of the mesh defined by parameter y + has been analyzed and the selection of the turbulence model has been described. The numerical calculations were based on the measurable thermodynamic parameters in the seal segments of steam turbines. The work contains a comparison of the mass flow and distribution of static pressure in the seal chambers obtained during the measurement and calculated numerically in a model segment of the seal of different level of wear.
Introduction
It is impossible to perform a direct measurement of the steam mass flow leaking through the segments of a labyrinth seal in an operating steam turbine. However, estimation of the leakage level is possible based on the measurement of the static pressure and temperature in the segment of the stuffing box [9, 14] . The analysis of static pressure in a one-sided seal with spiral discs has been described in [11] . The work contains a comparison of results of experimental research and computational fluid dynamics (CFD) calculations for a seal composed of a single disc of a helix geometry fitted in the casing. CFD calculations were performed using commercial Fluent software, based on the k-ε turbulence model and the Reynolds stress model. Numerical calculations of a double-sided seal of perpendicular discs inclined towards the surface of the shaft are given in [13] . The paper contains a comparison of the distribution of static and dynamic pressures, Mach number and the velocities along the seal.
A comparison of the flow coefficients, velocity and pressure distribution in a one-sided seal containing several discs can be found in [15, 12] . Paper [12] contains a detailed analysis of the influence of the geometry of the one sided seal blades on the flow coefficient taking into account the coefficient of kinetic energy transfer. Paper [4] contains a comparison of the mass flow obtained in the measurements with selected one dimensional calculation models for a one-sided seal of different level of wear. From the analysis, it results that the majority of known models can only be applied to a certain level of wear. One-sided seals have a small range of geometry wear for which the actual leak is smaller than the theoretical. Hence, one-dimensional theoretical models do not allow determining the value of the mass flow for one-sided seals of high level of wear.
The investigations presented in the paper were conducted in the aspect of methodology of seal diagnostics. The data for the calculations are the thermodynamic parameters that can be measured on an operating steam turbine. Commercial sofware Ansys-CFX [17] served to determine the leakage and static pressure occurring in the model segment of the seal.
In the diagnostic method [9] the basic information on the current condition of the geometry of the stuffing box segment is the change of the static pressure in the seal resulting from its wear and a disturbance of the flow generated by the bleed. The paper contains an introduction to the research on the diagnostic methods utilizing CFD. The presented results of experimental research and numerical calculations pertain to the seal without flow disturbance. The results presented in the paper will lead to an evaluation of the efficiency of calculations based on the CFD methods for one sided seal. The values of the mass flow and static pressure distribution have been compared in the model segment of the seal. The conclusion from the research provides information whether it is possible to calculate the leakage and reproduce the line of pressure distribution with the CFD methods for a one-sided seal.
Object of the research
The analysis of the measurement data and numerical calculations presented in the paper is related to the axisymmetric geometry of the segment of a onesided seal. The test stand was powered with compressed air. The analysis was performed on a segment of a one-sided seal containing 20 discs placed centrically in the casing. The discs were fixed on the shaft of the model seal [2] . Individual geometrical gauges have been shown in Tab. 1. Number of seals n 20 [-] The test stand allows for a measurement of the mass flow on the orifices placed in the inlet and outlet channels. The measurement data have been processed in software of own design calculating and balancing the mass flows in individual orifices of the test stand. The outstanding data obtained during the investigations were pressures upstream and downstream of the seal and distribution of static pressure in the seal chambers. 3 Assumptions of the numerical calculations
Geometry
In the tested seal segment, the flow of gas was axisymmetric. The numerical calculations allowed for the fragment of geometry of the thickness g = 0.1 mm. The size of the mesh was estimated based on the flow parameters occurring in the calculated area. Areas of high velocity, acceleration or pressure change gradients require a mesh of the smallest size. The size of the mesh was estimated for the parameters occurring in the last fissure in the segment where the gas velocities are the highest. Based on the mass flow calculated from the measured data allowing for the seal geometry, the average velocity and Reynolds number in the last fissure of the segment were determined and identified as follows:
where u is the gas velocity, s is the fissure hight, and ν is the kinematic viscosity. Based on the assumed Reynolds number, the size of the element of the mesh in the fissure was analyzed. The size of the mesh for the flow parameters is expressed in the Reynolds number as a function of dimensionless parameter y + [17] y = sy
where y + is the distance between the first node and the surface of the wall was determined. With parameter y + , the distance between the first node and the surface of the wall was determined. The required size of mesh y in the area of the 20th narrowing for the tested geometries has been given in Tab. 2, where additionaly values of c n=20 and Re n=20 are given, which denote the velocity and Reynolds number in the last fissure of the segment, respectively. The values of parameter y + close to 1 allows performing accurate numerical calculations. For the construction of the mesh, three-dimensional tetragonal elements were used. The discretization of the flow channel was done in commercial CFX Mesh [17] . Near the narrowings of the stuffing box, where great changes of velocity and pressures were expected, the density of the mesh was increased (Fig. 5) . The increased density covered areas between the narrowings in the upper part of the chambers where the occurrence of airflow of high velocity was predicted. The size of the mesh was selected depending on the height of the fissures and measurement data (Tab. 2) in order to have at least five layers in the fissure. The maximum thickness of the wall layer was determined as 1/5 of the height of fissure, s. The number of elements of the generated meshes for individual geometries has been given in Tab. 3. Table 3 mesh at the spot where the flow parameters are most varied and require the highest mesh density.
Boundary conditions
In the inlet plane to the area under calculation, the static pressure and the temperature of air were set as ambient with a regular direction of the velocity to this plane of low turbulence. In the outlet plane, the average static pressure was the value measured. The correctness and convergence of the numerical calculations was verified through the set boundary conditions. The assumed static pressure downstream and upstream of the seal conditions the resultant pressure distribution in the seal for which in the calculated area the equation of continuity, energy and momentum are pre-served with the assumed model of turbulence. Dissipation of kinetic energy was allowed in stationary calculations. Termination of iterative calculations, aside from reaching sufficiently low values of root mean square (RMS) of selected parameters, is triggered by attaining the assumed accuracy of the mass flow in the inlet and outlet planes.
Model of turbulence
Commercial software Ansys-CFX [17] , used for the numerical calculations, has many built-in models of turbulence. These include the RANS models of Reynolds stress models that can be divided into two groups: models based on the hypothesis of turbulent viscosity and models of Reynolds stress. For the calculations, the SSG model was used based on the equations of transport for six components of the tensor of turbulent stress and dissipation of kinetic energy. Since this model takes into account the anisotropy of the Reynolds stress tensor, it should better suit the simulation of more complex flows [10, 17] . In the Reynolds stress models the executive module solves the equations of Reynolds stress transport whose notation can be as follows [17] :
where ϕ ij is the pressure-strain correlation, ε and k denote dissipation of kinetic energy, and the kinetic energy of turbulence, respectively, δ ij is the Kronecker delta, P ijb is the production due to buoyancy, and overbar (·) denotes the velocity averaged over time, P ij is the exact production term, responsible for the production of kinetic energy of turbulence determined with the formula
It is a very significant component in the Reynolds stress models. In the SSG model pressure-strain correlation, φ ij , takes a square form, hence the model can be more accurate than the SST, LRR-IP or LRR-Qi models in which the pressure-strain correlation is linear [10, 17] .
Character of the flow of gas in the seal
The air under high pressure gradually decompresses while flowing through the subsequent fissures. The tracing of these values is presented by the step line (Fig. 6) . In each subsequent fissure, the gas accelerates to higher speeds. In the seal chamber, dissipation of kinetic energy into heat energy of gas takes place. The flow of gas in the seal is characterized with a high level of turbulence. The static pressure measured in the seal chambers on the test stand correspond to the pressure in the central part of the horizontal portions of the step line (Fig. 6 ).
Comparison of numerical calculations and experimental data
In order to verify the correctness of numerical calculations the obtained mass flows and static pressures were compared with the experimental results. The obtained results have been shown in Tab. 5 and in Fig. 7 . For the description of the pressure distribution in the seal, parameter p n was used which is defined as the ratio of the pressure difference between a given point n, p N , and the pressure downstream of the seal, p o , to the drop of pressure on the entire length of the seal
where p i and p o are the inlet and outlet pressure, respectively. The numerical calculations for individual geometries were performed for the thermodynamic values given in Tab The level of wear was determined with the height of fissure, s. The distribution of the pressure obtained during the measurement for the nominal height of the fissure (Fig. 7a) and that bearing small traces of wear ( Fig. 7b  and c) have the tracings that form a convex line. In segments of increasing wear ( Fig. 7 c-e) , the lines of pressure distribution are getting flatter. For a worn seal (Fig. 7e) , the measured pressure distribution is linear and for the extremely worn seal (Fig. 7f) , the line of pressure distribution is concave. For graphs (Fig. 7d-f) , an increasing drop of pressure in the first fissure is observed. This phenomenon was observed earlier by Zimmerman and Wolff who described the results of experimental research and calculations for a three-fissure segment of a seal under operation [16] . The greatest similarity of the pressure distribution in the numerical calculations and measurement data was obtained for segments s = 0.0003 and 0.0005 m. For these geometries, the static pressure distribution is almost identical with the measurement data. The mass flow error amounts to 11% and 6%. Segment s = 0.0007 had largest mass flow error of the values of 20%. Segments 0.001, 0.0015, and 0.002 m had smaller mass flow error of the values of 6.5, 18.7, and 3%. Yet, for these geometries, the obtained pressure distribution significantly deviates from the measured values.
Conclusions
In the numerical calculations, the boundary conditions were static pressures in the inlet and outlet planes. A lack of kinetic energy in these planes may result in a divergence in the iterative calculations. Hence, the initial iterations of the calculations were done with a small scale of the order of 10 −6 s. Such a small time-scale also resulted from the complexity of the flow in the model segment of the stuffing box.
Calculated static pressure profile is convergent with the measurement data only for nominal geometry and that of little wear (Fig. 7a,b) . For worn segments (Fig. 7c,d ,e,f), these values significantly deviate from the experimental data.
The analysis presented in the paper aimed at comparing the mass flow and static pressure distribution obtained during the measurements with the results of numerical calculations performed on the basis of minimum assumed static pressures in the inlet and outlet planes.
Comparing the mass flows measured and calculated indicates that when the kinetic energy is taken into account, it is possible to obtain results that are more accurate.
Divergences of the mass flows measured and those calculated on the measured side may result from the test stand workmanship accuracy tolerance, i.e., the channels, where the orifices are placed, the orifices themselves, seal geometry (inner diameter of the casing, outer diameter of the discs of the seal segment). On the side of the numerical calculations, the differences may result from the assumed geometry. It was built based on the averaged inner diameter of the casing and the outer diameter of the sets of discs in- cluded in the measurements. The subject of the calculations was a geometry consisting of 20 fissures. The averaging of the height of the fissures of such geometry may result in divergences of the mass flow. Aside from the geometry, the precision of the measurement of the mass flow is influenced by the accuracy of the pressure converters in the measurement orifices.
